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The two stage electron acceleration model [arXiv: 1512.02411 and arXiv: 1512.07546] is extended
to the study of laser magnetized-plasmas interactions at relativistic intensities and in the presence
of large-scale preformed plasmas. It is shown that the cut-off electron kinetic energy is controllable
by the external magnetic field strength and directions. Further studies indicate that for a right-hand
circularly polarized laser (RH-CP) of intensity 1020 W/cm2 and pre-plasma scale length 10 µm, the
cut-off electron kinetic energy can be as high as 500 MeV, when a homogeneous external magnetic
field of exceeding 10000 T (or B = ωc/ω0 > 1) is loaded along the laser propagation direction,
which is a significant increase compared with that 120 MeV without external magnetic field. A laser
front sharpening mechanism is identified at relativistic laser magnetized-plasmas interactions with
B = ωc/ω0 > 1, which is responsible for these super-high energetic electrons.
PACS numbers: 52.38.Kd, 41.75.Jv, 52.35.Mw, 52.59.-f
Introduction–Recently, extremely strong magnetic
field up to 1500 T and with ns duration is obtained
by using a novel capacitor-coil target design that makes
use of the hot electrons generated during the laser-target
interactions[1]. It can be expected that in the near future
magnetic fields of still higher intensity can be realized. As
we known that the dispersion relations or properties of
laser-plasmas interactions with external magnetic fields
significantly differ from that without magnetic fields, es-
pecially when the strength of the magnetic field is com-
parable to that of laser light, it is therefore of interest
to investigate laser magnetized plasmas interactions with
intense external magnetic fields, which might of great ef-
fects in both basic physics and practical applications[2–
8], including particle acceleration, fast ignition in inertial
confinement fusion, and intense radiation sources, et al.
In our previous work, we have studied the electron
heating at relativistic laser solid interactions in the pres-
ence of large scale pre-formed plasmas[9–13]. To explain
the source of super high energetic electrons, we have pro-
posed a two stage electron acceleration model[12, 13].
The first stage is the backward acceleration by the syn-
ergistic effects of charge separation electric field and pon-
dermotive forces of reflected laser pulses. These fast elec-
trons pre-accelerated in the first stage will build up elec-
trostatic potential barrier with its peak energy several
times larger than electron kinetic energy. Finally, elec-
trons reflected by this potential barrier will acquire en-
ergy several times as large of their initial values.
In this work, external magnetic field is included to
investigate the electron heating under relativistic laser
magnetized plasmas interactions. We have found that
electron energy spectra can be controlled by the external
magnetic fields. Under the influences of external mag-
netic fields having B = ωc/ω0 > 1, the cut-off electron
kinetic energy can be as high as 500 MeV, significantly
higher than 120 MeV of no external magnetic fields. The
underlying physics of this dramatic energy enhancement
is uncovered. We have identified a laser front sharpen-
ing mechanism at relativistic laser magnetized plasmas
interactions regime with B > 1, which is responsible for
these super-high energetic electrons.
Simulation results–One-dimensional (1-D) particle-
in-cell (PIC) simulation are run to model the processes
of laser magnetized plasmas interactions. The simulation
method is the same as our previous work[12, 13]. The size
of the simulation box is 400 µm, with the region 0 < z <
100 µm left as vacuum, and initial plasma density profile
is taken as ne = nsolid/(1 + exp[−2(z − z0)/Lp]), where
nsolid = 50nc is the solid plasma density, z0 = 180 µm
and Lp = 10 µm is the pre-plasma scale-length. The laser
of intensity 1020 W/cm2 enters the simulation box from
the left boundary, and along the laser propagation direc-
tion, an uniform magnetic field is loaded. A diagnostic
plane is placed at z = 300 µm to temporally record the
electrons passing through.
The incident laser is of right-hand circularly polarized
(RH-CP), and the external magnetic field varying from
B = −5,−0.5 to B = 0.5, 1, 3, 5 is loaded to investigate
the influence of external field on electron heating. The
fast electron energy spectra obtained for varying external
magnetic fields while keeping laser intensity 1020 W/cm2
fixed, are presented in Fig. 1. There is a clear relation
between the electron cut-off kinetic energy and external
magnetic field, as shown in Fig. 1. For external magnetic
field with -z-direction, the electron generation efficiency
is suppressed, i.e., the stronger of the external magnetic
field the lower of the generation efficiency. On the con-
trary, for external magnetic field with z-direction, the
electron generation efficiency is enhanced. Furthermore,
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FIG. 1. (color online) The final electron energy spectra
recorded at z = 300 µm under varying external magnetic
fields, with pre-plasma scale-length 10 µm, laser wavelength
1 µm and CP laser intensity 1020 W/cm2 fixed.
we find that when B = ωc/ω0 > 1 (ωc = eB/me and ω0
is laser frequency), the cut-off electron kinetic energy is
dramatically increased from 120 MeV to 500 MeV.
Theoretical model–From the simulation results, we
have found that electron energy spectra heavily depend
on the strength and directions of the external magnetic
fields, especially when condition B = ωc/ω0 > 1 is satis-
fied. In Fig. 2, we have presented the space-time evolu-
tion and phase-space plots of electrons under three typi-
cal external magnetic fields, B = −5, B = 0 and B = 5.
Compared with Fig. 2 (a) and (b), from Fig. 2 (c1) and
(c2), we can identify the source of these super-high ener-
getic electrons, which is from the very first electron bunch
initially accelerated backward by the charge separation
electric field. Furthermore, the very first electron bunch
as shown in Fig. 2 (c1) and (c2) seems to be of highly col-
limated. To fully understand the formation of this highly
energetic and highly collimated electron bunch, we need
to refer to Maxwell equations and the equations of mo-
tion of electrons at relativistic laser magnetized plasmas
interaction regime.
The relevant Maxwell equations are
∇×E = −
1
c
∂B
∂t
(1)
∇×B =
4pi
c
J +
1
c
∂E
∂t
. (2)
Assuming laser of the form exp[i(kz) − iωt] and J =
enepe/γ, we can find
pe =
−iγ(ω2 − c2k2)
4pieneω
E. (3)
The electron’s equations of motions are
me
∂px
∂t
= −eEx − epyB/γ (4)
me
∂py
∂t
= −eEy + epxB/γ. (5)
Combining Eq. (3) into Eq. (4) and (5), we can easily
obtain the dispersion relation of CP laser under magne-
tized plasmas
k2 =
ω2
c2
[1−
ω2pe
ω2(γ − ωc/ω)
], (6)
where ωc = eB/me and γ = (1+a
2)1/2 with a = eE/mec.
According to Eq. (6), we find that for ωc/ω > 1, there
is a resonant region with ωc/ω < γ < ωc/ω + ω
2
pe/ω
2.
Within the resonant region, electromagnetic waves can
not propagate. Instead, they are absorbed by plasmas.
However for 0 < ωc/ω < 1 or ωc/ω < 0 (i.e. magnetic
fields with -z-directions), there is no stopping band for
relativistic intense laser beams.
Fig. 3 shows the v2φ-γ diagram following the disper-
sion relation in Eq. (6), where v2φ = ω
2/k2c2. From
Fig. 3 (a), we can see that for external magnetic field
of B = 5, there is a resonant region with 5 < γ < 5.25.
Beyond this resonant region and with the increase of γ,
we find v2φ is rapidly decreasing. For γ ≫ 1, we have
vg ∼ c
2/vφ, which means vg is rapidly increasing. Con-
sidering a Gaussian laser propagating through the mag-
netized plasmas, these two effects, “the resonant band”
and “group velocity speeding with the increase of γ”,
would lead to the laser front sharpening. As the pon-
deromotive force is determined by ∂γ/∂z, the laser front
sharpening effect would dramatically enhance the pon-
deromotive force of the laser beam. Compared with Fig.
3 (b), it is clearly indicated that the laser front sharpen-
ing effect can be triggered only for ωc/ω > 1 and with
the direction of external magnetic field in z-direction.
To compensate the analysis above, we also run a se-
rial of PIC simulations with constant background den-
sity ne = 0.2nc and sin
2 rising profile having the rising
period of 10T0. The laser is of RH-CP with intensity
1020 W/cm2. We change the directions and strength of
the external magnetic fields to study their influences on
the evolution of the laser front. As shown in Fig. 4 (a),
for external magnetic field with B = 5, there are two
effects undertaken for the laser front. Within the region
having laser amplitude a ∼ γ ∼ 5, the electromagnetic
waves are absorbed by plasmas due to the resonant mo-
tion of electrons. Beyond the absorbed region, we can
also observe significant laser front congestion. The two
effects, shown in Fig. 4 (a), which collectively lead to
the laser front sharpening, are well consistent with our
theoretical analysis. In contrast, as shown in Fig. 4 (b),
if the external magnetic is of -z-direction, we do not ob-
serve the laser front sharpening effect, as expected by the
theoretical analysis.
From Fig. 4 (a), at the resonant region a ∼ γ ∼ 5,
where the laser is absorbed by plasmas, we find intense
electron accumulation therein. These accumulated elec-
trons should be the source of the highly energetic and
highly collimated electron bunch, as shown in Fig. 2 (c1)
3FIG. 2. (color online) (a1)-(c1) Space-time evolution of electron density for different external magnetic fields. (a2)-(c2) The
corresponding z-vz phase space plot of electrons at t = 300T0. The red curve covered on the phase plot is the electrostatic
potential. The pre-plasma scale-length is of 10 µm, laser wavelength is of 1 µm and the CP laser intensity is of 1020 W/cm2.
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FIG. 3. (color online) The v2φ-γ diagrams of relativistic intense
electromagnetic wave in magnetized plasmas. Here we set
ωpe = 0.5 and ω = ω0 = 1. (a) presents the cases with
B = ωc/ω = 5 (black line) and B = ωc/ω = 0.5 (red line).
(b) is the corresponding cases with B of -z-directions.
and (c2). The laser front sharpening effect would dramat-
ically increase the laser ponderomotive force, because of
fp ∼ ∂γ/∂z. This ponderomotive force would push all
electron forward, leaving ions behind, until at a position
where the charge separation induced electric force therein
is equal to the ponderomotive force, i.e. Ez ∼ fp. As we
know Ez ∼ nez, we can easily conclude that the reflection
position of the very first electron bunch depends on the
external magnetic field, which is clearly confirmed by Fig.
2. For B = 5, the reflection position is at z = 148 µm,
while for B = −5, it is around z = 130 µm.
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FIG. 4. (color online) The uniform plasma is of constant den-
sity ne = 0.2nc. The RH-CP laser is of intensity 10
20 W/cm2,
and the laser front is of sin2 profile with the rising period of
10T0. (a) and (b) show the laser amplitude and electron den-
sity profile with external magnetic field of B = 5 and B = −5
at t = 10T0 (dashed) and t = 20T0 (solid), respectively.
The electron bunch will eventually be accelerated back-
ward by the charge separation electric field. During
this process, there exist a phase-locked mechanism which
would result in the formation of highly collimated elec-
tron bunch. The profile of the charge separation field is
shown with red line in Fig. 4 (a). For electrons trav-
elling faster, the electric field experienced by them is
small, while for electrons travelling slower, the electric
field acted on them is large. This kind of charge separa-
tion electric field profile will “phase-lock” the electrons,
4which share the same physics with the phase stable ac-
celeration of ions by laser radiation pressure[14], eventu-
ally leading to the formation of highly collimated electron
bunch, as shown in Fig. 2 (c1) and (c2).
The highly energetic and highly collimated electron
bunch would build an intense electrostatic potential, as
shown by the red curves in Fig. 2, with its peak energy
several times larger than electron kinetic energy. Finally,
electrons reflected by this potential barrier will acquire
energy several times as large of their initial values.
Discussions–We already know the laser front sharp-
ening effect, which is responsible for the dramatic en-
hancement of electron energy, only takes place for mag-
netic field with B = ωc/ω0 > 1. For Rd glass laser with
typical wavelength 1.0 µm, the corresponding magnetic
field can be as high as 10000 T. Although the highest
static magnetic field obtained in experiment is 1500 T,
the laser front sharpening effect and the related phoneme
we reported in this work can still be confirmed by experi-
ment. We would recommend to use CO2 laser facility[15].
The laser wavelength of CO2 laser is 10 µm, which means
the B can be as high as 1.5, considering the highest static
magnetic field reported so far.
Conclusions–The external magnetic field is included
to investigate the electron heating under relativistic laser
magnetized plasmas interactions. It is shown that the
cut-off electron kinetic energy is controllable by the ex-
ternal magnetic field strength and directions. For ex-
ternal magnetic field with -z-direction, the electron gen-
eration efficiency is suppressed, i.e., the stronger of the
external magnetic field the lower of the generation ef-
ficiency. On the contrary, for external magnetic field
with z-direction, the electron generation efficiency is en-
hanced. Further studies indicate that for a RH-CP laser
of intensity 1020 W/cm2 and pre-plasma scale length
10 µm, the cut-off electron kinetic energy can be as high
as 500 MeV, when a homogeneous external magnetic field
of exceeding 10000 T (or B = ωc/ω0 > 1) is loaded along
the laser propagation direction, which is a significant in-
crease compared with that 120 MeV without external
magnetic field. The underlying physics of this dramatic
energy enhancement is uncovered. A laser front sharp-
ening mechanism is identified at relativistic laser magne-
tized plasmas interactions regime with B > 1, which is
responsible for these super-high energetic electrons.
This work can be confirmed in experiment by CO2 laser
facility, whose wavelength is 10 µm, with the help of the
highest static magnetic field, i.e. 1500 T, which is already
obtained in experiment. Multi-dimensional effects shall
be presented in a following separated paper.
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